Copper-resistant strains of Pseudomonas syringae carrying the cop operon produce periplasmic copperbinding proteins, and this sequestration outside the cytoplasm has been proposed as a resistance mechanism. In this study, strain PS61 of P. syringae carrying the cloned cop operon accumulated more total cellular copper than without the operon. Several other copper-resistant pseudomonads with homology to cop were isolated from plants, and these bacteria also accumulated copper. Two highly resistant species accumulated up to 115 to 120 mg of copper per g (dry weight) of cells. P. putida 08891 was more resistant to several metals than P. syringae pv. tomato PT23, but this increased resistance was not correlated with an increased accumulation of metals other than copper. Several metals were accumulated by both PT23 and P. putida, but when copper was added to induce the cop operon, there was generally no increase of accumulation of the other metals, suggesting that the cop operon does not contribute to accumulation of these other metals. The exceptions were aluminum for PT23 and iron for P. putida, which accumulated to higher levels when copper was added to the cultures. The results of this study support the role of copper sequestration in the copper resistance mechanism of P. syringae and suggest that this mechanism is common to several copper-resistant Pseudomonas species found on plants to which antimicrobial copper compounds are applied for plant disease control.
Antimicrobial copper compounds have been successfully applied to agricultural crop plants for disease control for over 100 years. Recently, however, copper-resistant plantpathogenic and saprophytic bacteria have been isolated from several crop plants (1, 2, 5, 10, 13, 19, 24, 25) , and the presence of these resistant bacteria has resulted in a reduction of disease control with copper sprays in several instances (1, 9, 19) .
Copper resistance in Pseudomonas syringae pv. tomato, the cause of bacterial speck disease of tomato, is determined by a highly conserved 35-kb plasmid, pPT23D (3, 4, 8) . The resistant bacteria accumulate copper as part of the resistance mechanism encoded by the cop operon located on pPT23D (4, 7) . The operon (20) encodes periplasmic and outer membrane proteins, two of which are known to bind copper. CopA is a 72-kDa protein that binds 11 copper atoms, and CopC is a 12-kDa protein that binds one copper atom. Both proteins are abundant in the periplasm and probably help to prevent the entry of toxic copper ions into the cytoplasm (7) . The cop operon is specifically induced by copper (21) and is not thought to provide resistance to other metal ions. However, the specificity of metal accumulation by these bacteria has not yet been tested.
Several other copper-resistant Pseudomonas species have been isolated recently from tomato and other plants, and the cop operon was shown to hybridize with DNA from several of these species; in addition, immunoblot analyses indicated that protein products related to cop proteins were produced from these bacteria when induced with copper (12) . In this study, we determined whether copper accumulation was a common function of copper-resistant strains of these different species, and the specificity of metal accumulation in two species was examined. * Corresponding author.
MATERIALS AND METHODS Bacterial strains and MIC determination. The sources and
MICs of the bacteria used are listed in Table 1 . pCOP2 (4) is a recombinant plasmid containing the cop operon cloned in the vector pRK404 (14) . MICs of cupric sulfate were determined on mannitol-glutamate agar (18) supplemented with yeast extract at 0.25 g/liter (MGY agar) and CUSO4 5H20 at appropriate concentrations as described previously (12) . For MICs of other metals, bacteria were suspended in sterile water from cultures on MGY agar plates at a standardized concentration, and 10 ,ul of the bacterial suspension was inoculated into culture tubes containing 5 ml of MGY broth with different concentrations of metals added. The MIC of each metal was expressed as the concentration that inhibited growth after 7 b Strain 07887 used in this study is thought to be identical to the previously described strain 07888 (12), which was isolated from the same tomato leaf sample.
(0.0016 mM), which had to be used at lower concentrations to allow growth of this bacterium.
In one experiment, cells were treated with EDTA to remove metals bound to cell wall components. The cells were grown as described above, harvested by centrifugation, and resuspended in 2 ml of distilled water. Fifty milliliters of 20 mM EDTA was added to each cell suspension, and the mixture was vortexed for 2 min. The cell suspensions were centrifuged, and the cells were resuspended in 1 ml of distilled water and freeze-dried. Metal content was determined by atomic absorption spectrophotometry as described above.
RESULTS
Copper accumulation. When the cloned cop operon (pCOP2) was conjugated into a copper-sensitive strain of P. syringae (PS61), the resulting copper-resistant transconjugant accumulated more copper than the same strain with the cloning vector (pRK404) alone (Fig. 1) . Copper accumulation by PS61(pCOP2) increased with higher levels of copper added to the medium, but PS61 without the cloned resistance genes would not grow at these higher levels.
Five other copper-resistant pseudomonads also accumulated copper (Fig. 2) . P. putida 08891 and Pseudomonas sp. strain 02894 accumulated the highest levels of copper, and these strains were also highly copper resistant (Table 1) . Copper accumulation increased with increasing concentrations of copper for most of the pseudomonads.
Accumulation of other metals. The copper-resistant strain PT23 of P. syringae pv. tomato accumulated several other metals when they were added at subinhibitory levels (Fig.  3A) . For most metals, however, induction of the cop operon with 0.1 mM CuS04 5H20 did not increase accumulation; the major exception was aluminum, which was accumulated at almost a threefold-higher level when copper was added to the medium in which PT23 was grown. Accumulation of cadmium and calcium increased to a lesser extent when copper was added. A decreased accumulation of chromium, lead, nickel, and selenium was observed when copper was added.
The copper-resistant strain P. putida 08891 had greater tolerance to cadmium, cobalt, mercury, nickel, and zinc than PT23 (Table 2 ), but it did not generally accumulate these CuSO4 Added to Medium (mM) metals to higher levels than PT23 (Fig. 3B) . P. putida accumulated considerably less chromium than PT23. The addition of copper resulted in a large increase only in accumulation of iron for P. putida. Decreased accumulation of lead and, to a lesser extent, aluminum and selenium was observed with addition of copper to cultures of P. putida.
When cells of PT23 were harvested and washed with a solution of 20 mM EDTA, there was about a 50% loss of bound copper (Fig. 4A) . Aluminum, calcium, lead, manganese, and nickel were mostly removed by the EDTA treatment, while cadmium, iron, selenium, sodium, and zinc were retained after the treatment. The copper-resistant strain P. putida 08891 also experienced large losses of calcium, lead, manganese, and nickel after the EDTA treatment but retained more aluminum than PT23 (Fig. 4B) . This P. putida strain also retained copper, chromium, selenium, and sodium but lost more of its iron and zinc than PT23.
DISCUSSION
The cop operon is thought to confer copper resistance to P. syringae at least in part by sequestering copper in the periplasm with copper-binding proteins (7) . In a previous study, strain PT23.3 of P. syringae pv. tomato, which is cured of the copper resistance plasmid pPT23D, accumulated less copper than the wild-type strain PT23 when subinhibitory levels of copper were added to the growth medium (7) . In this study, we showed that P. syringae PS61 containing the cloned cop operon also accumulated more copper than PS61 lacking the operon, further supporting the direct role of the cop operon in accumulation as a part of the resistance mechanism of the bacterium.
Other copper-resistant pseudomonads were also shown to copper resistance mechanisms of these bacteria and P. syringae are similar. While P. cichorii accumulated copper at levels similar to those of P. syringae, the other pseudomonads generally accumulated much higher levels of copper. Whether these different levels are due to variation in the efficiency of the cop system or due to the presence of other mechanisms of accumulation has not been determined.
Previous studies suggested that the cloned cop operon provided no increased resistance to heavy metals other than copper when conjugated into P. syringae (11) , but the specificity of metal accumulation by these bacteria has not been tested. We hypothesized that these bacteria would selectively accumulate copper over other metals when the cop operon was induced by copper. P. syringae pv. tomato PT23 accumulated metals other than copper, but for most metals, this accumulation did not increase when the cop operon was induced. The major exception was aluminum, and this metal will therefore be included in future studies of the specificity of metal accumulation by purified Cop proteins. P. putida 08891, which carries plasmid and chromosomal cop homologs, accumulated metals other than copper, but this accumulation generally did not increase when copper was added. P. putida 08891 was more tolerant of cadmium, cobalt, mercury, nickel, silver, and zinc than PT23, but this increased tolerance was not generally correlated with higher accumulation of these metals, suggesting that this strain of P. putida has other metal resistance mechanisms not necessarily involving accumulation.
These results suggest specificity for copper in the copdirected metal uptake, but this needs to be confirmed with purified Cop proteins that have been stripped of copper by mild acid or EDTA treatment. The sequences of the Cop proteins are known (7, 20) ; they are not cysteine-rich proteins like metallothioneins (26) and phytochelatins (17) that would be expected to bind several different metal ions. Instead, they are histidine-and methionine-rich peptides that generally lack cysteine residues. One cysteine is present in a probable type I copper site at the carboxy terminus of CopA (23) (12) . Accumulation of some other metals was probably associated with outer membrane components in both species, since an EDTA wash removed large amounts of metals such as aluminum, calcium, lead, manganese, and nickel; these metals were generally not lost when cells were washed only with water (data not shown), suggesting that they were not loosely associated with extracellular polysaccharides but were probably associated with lipopolysaccharides or outer membrane proteins (6, 15 ). An unusual result of washing cells with EDTA was an apparent increase in selenium accumulation in P. syringae and P. putida and an increased chromium accumulation in P. putida. Since no additional selenium or chromium was added during the EDTA wash, it appears that the treatment had an effect on the detection of the metals by atomic absorption spectrophotometry, but the reason for that effect is not clear.
The results of this study support the role of copper sequestration in the copper resistance mechanism of P. syringae and suggest that this mechanism is common to several copper-resistant Pseudomonas species found on plants to which antimicrobial copper compounds are applied. Some of these species are commonly found as epiphytic populations on the surfaces of plants, and it is possible that they contribute significantly to the complexing of copper ions applied to leaf surfaces. Since free copper ions are required for the toxic effects of copper bactericides applied to plants (22) , the presence of copper-accumulating epiphytes might influence the effectiveness of this control method.
